Objective. Many studies have provided evidence of altered brain structure in chronic pain conditions, as well as further adaptations following treatment that are coincident with changes in pain. Less is known regarding how these structural brain adaptations relate to assessments of nociceptive processing. The current study aimed to investigate brain structure in people with knee osteoarthritis (OA) before and after total knee arthroplasty (TKA) and to investigate the relationships between these findings and quantitative sensory testing (QST) of the nociceptive system. Methods. Twenty-nine people with knee OA underwent magnetic resonance imaging (MRI) scans and QST before and six months after TKA and were compared with a pain-free control group (N ¼ 18). MRI analyses involved voxel-based morphometry and fractional anisotropy. Results. Before TKA, there was reduced gray matter volume and impaired fractional anisotropy in areas associated with nociceptive processing, with further gray matter adaptations and improvements in fractional anisotropy evident after TKA. QST revealed increased nociceptive facilitation and impaired inhibition in knee OA that was reversed after TKA. There were minimal relationships found between MRI data and QST assessments or pain report. Conclusions. In people with end-stage knee OA, region-specific gray matter atrophy was detected, with further changes in gray matter volume and improvements in white matter integrity observed after joint replacement. Despite coincident alterations in nociceptive inhibition and facilitation processes, there did not appear to be any association between these functional assessments of the nociceptive system and changes in brain structure.
Introduction
Brain imaging studies have provided useful information on neural adaptations associated with chronic pain. For example, several studies [1] [2] [3] [4] have reported that structural and functional brain scans could differentiate those with acute low back pain (LBP) who go on to develop chronic LBP, indicating that there may be key central nervous system adaptations in those susceptible to the development or persistence of chronic pain. Indeed, structural and functional alterations in the brain have been documented in many chronic pain conditions, including musculoskeletal conditions where the primary disorder has traditionally been viewed as arising from ongoing peripheral disease [5] . These findings are indicative of plasticity in brain areas associated with nociceptive processing, which potentially contribute to the pain condition itself. Many of these studies have been crosssectional in nature, making it difficult to determine the chronology of brain alterations in relation to the course of the painful condition. However, there are now several longitudinal studies that have shown reorganization in the brain following treatment that is associated with changes in clinical presentation or pain [6] [7] [8] [9] [10] [11] [12] .
Although recent reviews on structural brain alterations in chronic pain populations have indicated common sites of gray matter atrophy [5, 13] , there is relative inconsistency within the findings. Such variability suggests that there are no consistent markers across chronic pain conditions [14] [15] [16] . Some of this variability may arise through differences both between and within populations in the function of the nociceptive system. Quantitative sensory testing (QST) has revealed marked heterogeneity in nociceptive facilitation and inhibition in people with knee osteoarthritis (OA) [17] [18] [19] , suggesting that different adaptations of the nociceptive system are present even within the same condition. For example, a subgroup of knee OA patients present with a highly sensitized nociceptive system that does not appear to relate to radiographic findings [19] . Within a cohort of individuals with similar pathology and at a similar stage in their disease, it may be illuminating to combine QST and magnetic resonance imaging (MRI) data to provide insight into how structural brain characteristics relate to individual adaptations of nociceptive processing. For example, it may be expected that alterations in gray matter volume in cortical areas associated with nociceptive processing would be correlated with functional assessments of nociceptive facilitation or inhibition.
Two studies have shown reversible alterations in brain structure in people who have undergone successful joint replacement for hip OA [10, 12] . Joint arthroplasty is a common treatment for people with end-stage lower limb OA. Although pain and function are normally improved following hip joint replacement, this is not always the case following replacement of the knee joint; approximately 15-40% of those undertaking total knee arthroplasty (TKA) have ongoing pain [20] [21] [22] [23] . The presence of persistent postsurgical pain in some individuals suggests that adaptations of the nociceptive system following surgery are not consistent. No previous studies have examined longitudinal changes in the brain following TKA or how brain imaging findings may relate to functional adaptations of the nociceptive system. Therefore, the primary goals of the present study were to investigate structural and functional brain alterations in people with knee OA, to examine the influence of joint replacement, and to explore the relationships between MRI findings and QST assessments of the nociceptive system.
Methods

Participants
The participants included 29 people with end-stage knee OA and 18 control participants of similar age and gender. Sample sizes were based on previous studies investigating brain structure in populations with OA [2, 24, 25] . Characteristics of the two groups are shown in Table 1 . Participants were recruited from orthopedic waiting lists of people diagnosed with knee OA who were scheduled to undergo a TKA at a large hospital in Auckland, New Zealand. Inclusion criteria for the knee OA group were pain of at least 3/10 on three or more days per week in the past month and scheduled for a TKA in the next month. Control participants were required to have an absence of pain anywhere in the body that was 3/10 or higher on three or more days per week, and they were excluded if they had a history of persistent knee pain. Participants were excluded from both groups if they had any contraindications to MRI, neurological conditions, or an inability to communicate in English.
Participant recruitment and data collection extended from December 2014 to February 2016. Ethical approval for the study was obtained from the institutional ethics committee, with locality approval from the hospital undertaking the TKA surgeries. Informed consent was obtained from all participants before involvement in the study.
Protocol
The study involved both a longitudinal assessment of people with knee OA before (PREOP) and after (POSTOP) TKA and a cross-sectional comparison with the control group (CON) [10] . Participants undertook a brain scan at a local hospital to obtain information on the structure of several key areas involved in nociceptive processing. Scans were undertaken to enable voxel-based morphometry (VBM) and diffusion tensor imaging (DTI). Immediately following the MRI scan, QST procedures were undertaken to provide an assessment of the nociceptive system. Participants with knee OA were tested approximately one week before and five to seven months after TKA. At such a time post-TKA, acute pain associated with surgery and rehabilitation should have subsided, enabling the presence of persistent pain to be delineated [26] . The average time after TKA for the second assessment was 6.3 6 0.6 months.
Scanning Parameters
MRI scans were undertaken during the same session using a 3T SIEMENS MAGNETOM Sykra syngo MR D13 with a 32-channel radiofrequency head coil. A high-resolution anatomical scan (T1) was carried out with a 3D MPRAGE sequence in a sagittal orientation ( 
MR Processing
Similar to other studies involving unilateral pain conditions [6, [27] [28] [29] , structural and diffusion scans of participants who had a left knee joint replacement (N ¼ 14) and the controls who were randomly assigned to have QST performed on the left knee (N ¼ 10) were mirrored across the midline, making the left hemisphere the hemisphere contralateral to joint replacement for all OA participants. For this reason, laterality is expressed as ipsilateral and contralateral hemispheres, relative to the replaced joint and/or the joint that QST was performed on. Standard MRI processing and analysis procedures were used.
All analyses were performed using tools from the FMRIB Software Library (FSL) [30] . Scans were visually checked for artifacts. The first volume of each scan, or the first volume with no diffusion weighting, was extracted as each participant's B0 image (fslroi). FSL's Brain Extraction Tool (BET) was used to remove nonbrain components from the data [31] , and eddy current correction was performed. The magnitude and phase image for each individual were used to create a fieldmap using the FSL_prepare_fieldmap functionality. Fieldmaps were smoothed and applied to DTI data using FUGUE. Voxelwise statistical analysis of the fractional anisotropy (FA) data was carried out using FSL's Tract-Based Spatial Statistics (TBSS) [32] . First, FA images were created by fitting a tensor model to the raw diffusion data using FDT, and then brain-extracted using BET [31] . All participants' FA data were registered to a standard space FA image that was created to be symmetrical, using the nonlinear registration tool FNIRT [33, 34] , which uses a b-spline representation of the registration warp field [35] . To create a symmetrical standard space FA template, the standard space FA template available through FSL (FMRIB58_FA_1 mm) was mirrored across the midline and then added to the same standard space image that had not been mirrored. This combined image was then divided by two to create a symmetrical standard space FA template [36] . The mean FA image was created and thinned to create a mean FA skeleton, which represents the centers of all tracts common to the group. Each participant's aligned FA data were projected onto this skeleton, and the resulting data were fed into voxelwise cross-subject statistics. Following this, FSL's randomise toolbox was used to carry out permutation-based nonparametric testing to determine significant differences in contrasts between the groups (N ¼ 5,000 permutations, P < 0.05, corrected for multiple comparisons using threshold-free cluster enhancement) [37] . FA values across the whole-brain white matter were also obtained.
T1 data were analyzed with FSL-VBM [38] , an optimized VBM protocol [39] carried out with FSL tools. T1 images were brain-extracted and gray matter-segmented before being registered to the MNI 152 standard space using nonlinear registration [34] . The resulting images were averaged and mirrored across the midline to create a left-right symmetric, study-specific gray matter template that included data from an equal number of participants from each group (N ¼ 18 for contrasts involving CON). All native gray matter images were nonlinearly registered to this study-specific template and "modulated" to correct for local expansion (or contraction). The modulated gray matter images were smoothed with an isotropic Gaussian kernel with a sigma of 2 mm. Finally, masks were created in FSL to restrict the voxelwise comparisons to specific cortical and subcortical regions. To enable a hypothesis-driven analysis approach and limit the number of areas investigated, we selected regions specifically involved in nociception or that had shown altered morphology in previous studies involving chronic musculoskeletal pain populations [10, 14, 24, 25] . These included the anterior cingulate cortex (ACC), insular, amygdala, hippocampus, primary somatosensory cortex (S1), thalamus, periaqueductal gray (PAG), middle frontal cortex, and nucleus accumbens (NAc). The Harvard Subcortical and Cortical Structural Atlases were Table 1 . Demographic and quantitative sensory testing data for the control (CON) and knee OA group before (PREOP) and after (POSTOP) joint replacement used to create masks of the amygdala, hippocampus, thalamus, NAc, ACC, S1, middle frontal cortex, and insular. A 3-mm radius spherical mask was created for the PAG using fslmaths, based on the average coordinates established from a recent meta-analysis of studies reporting PAG involvement [40] . All masks were binarized and thresholded with a value of 25 using fslmaths functionality. FSL's randomise toolbox [37] was used to carry out permutation-based nonparametric testing (N ¼ 5,000 permutations, P < 0.05, corrected for multiple comparisons using threshold-free cluster enhancement). Individual gray matter volumes for each region were calculated by using fslmeants functionality to acquire each individual's average volume in the region and multiplying this by the volume of each region.
Quantitative Sensory Testing
Pressure pain threshold (PPT) was assessed over the medial joint line of the affected (OA participants) or a randomly assigned (control group) knee. Pressure was applied using a handheld pressure algometer (Somedic AB, Sweden) with a 1-cm 2 digital probe at 30 kPa/s until participants indicated pain by pressing a button. Temporal summation (TS) of pain was assessed at the same location by applying a punctuate stimulus (von Frey filament, 6.45) at 1 Hz for 10 stimuli. Participants provided a pain numerical rating scale (NRS; 0-100) following the first and 10th stimuli, with the difference determined as TS. The presence of TS was defined as a TS score of !10. Conditioned pain modulation (CPM) was assessed by obtaining PPT at the knee (test stimulus) before and during immersion of the contralateral hand in 10 C water (conditioning stimulus). During conditioning, PPT at the knee was obtained when a pain NRS of 3/ 10 in the hand was reached. CPM was defined as the percent change in knee PPT during the conditioning stimulus, where negative values indicate inhibition. Intact CPM was defined as an increase in PPT during conditioning of !10%.
Each assessment of PPT and TS was conducted three times, and the average of the measurements was determined.
Statistical Analyses
Independent t test models were used to investigate differences between the CON and PREOP groups and between the CON and POSTOP groups for the DTI, VBM, and QST data. Age was entered as a covariate for the analysis of VBM and DTI data [41] [42] [43] . A paired t test model was used to compare the PREOP and POSTOP data for the same outcome variables. Chi-square tests were used to compare the number of participants with TS and impaired CPM between CON, PREOP, and POSTOP.
Relationships between MRI data and clinical data in the knee OA group were examined using partial correlations, with age as a covariate. To limit the number of analyses performed, correlations were only performed using DTI and VBM variables that were identified as significantly different. MRI variables that were significantly different between CON and PREOP were correlated with clinical data at PREOP. For variables that were significantly different between PREOP and POSTOP, the change in the MRI data from PREOP to POSTOP was correlated with the change in clinical data from PREOP to POSTOP.
Statistical testing for QST data was carried out using SPSS V23 (IBM, Armonk, NY, USA). An a level of 0.05 was adopted for all statistical analyses.
Results
The body mass index (BMI) of control participants was lower than in the knee OA group, but they were matched for age and gender. Grubb's tests identified one PREOP CPM, one CON TS, and one POSTOP PPT value as outliers, and these were removed.
Overall, there was a significant reduction in the NRS following surgery (Table 1) ; however, there were six participants (21%) at POSTOP who had an NRS !3/10. On average, the change in NRS from PREOP to POSTOP was 4.0 6 2.4, varying from 0-8/10.
MRI Data
VBM analyses indicated that the CON group had significantly larger gray matter volume bilaterally in the NAc and amygdala and in the ipsilateral S1 compared with PREOP (Table 2; Figure 1 ). There were no areas that were significantly larger at PREOP compared with the CON group. In the longitudinal comparison of the knee OA group, the bilateral amygdala, contralateral hippocampus, and contralateral PAG were significantly larger at POSTOP compared with PREOP, whereas gray matter volume was significantly smaller in both S1 at POSTOP compared with PREOP. In comparison with CON, the bilateral NAc, bilateral S1, contralateral amygdala, and ipsilateral insula were smaller at POSTOP.
For the DTI data, there were no differences in wholebrain FA values between CON (0.42 6 0.02) and PREOP (0.41 6 0.02, P ¼ 0.13) or POSTOP (0.43 6 0.02, P ¼ 0.97). However, analysis of the skeletonized FA showed some regional differences that were statistically significant ( Figure 2 ). The CON group showed higher FA clusters than PREOP in the midbrain area and in the anterior corpus callosum compared with POSTOP. For the comparison of PREOP and POSTOP, there was a significantly higher whole-brain FA at POSTOP (P ¼ 0.008). TBSS analyses showed higher FA clusters in the posterior corpus callosum and diffusely through the brainstem at POSTOP (Figure 2) .
Quantitative Sensory Testing
A summary of QST findings is shown in Table 1 . Compared with CON, patients at PREOP had significantly greater TS scores (P ¼ 0.02). There were also more in the PREOP group who had TS present (P < 0.001) and impaired CPM (P ¼ 0.003) compared with CON. At POSTOP, there was a significant reduction in TS (P ¼ 0.007) and an increase in CPM (P ¼ 0.03) compared with PREOP. There were also fewer participants at POSTOP with TS present (P < 0.001) and fewer with impaired CPM (P ¼ 0.02) compared with PREOP. There were no other significant differences (all P > 0.05). Coordinates reflect the cluster peak. Con ¼ contralateral to replaced joint; Ipsi ¼ ipsilateral to replaced joint; NAc ¼ nucleus accumbens; PAG ¼ periaqueductal gray; S1 ¼ primary somatosensory cortex. 
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Correlations Between MRI and Clinical Data
Partial correlations were used to examine the relationships between the FA and VBM regions that were significantly different at PREOP compared with CON and clinical measures, after adjusting for age (Table 3 ). There was one significant relationship identified; a larger ipsilateral S1 volume was associated with a lower knee PPT. Similarly, partial correlations were used to investigate the association between MRI data that showed a significant change from PREOP to POSTOP and the changes in clinical measures (Table 4 ). There were no significant correlations identified.
Discussion
This study was the first to investigate gray and white matter alterations in the brain before and six months after TKA and to investigate the relationship between these and assessments of the nociceptive system using QST. The following main findings were revealed: 1) gray matter volume was reduced in several areas associated with nociceptive processing in the knee OA group (PREOP) compared with controls, 2) after TKA (POSTOP), there was an increased volume in key limbic and brainstem areas, although both S1 were reduced postoperatively, 3) FA was greater in the corpus callosum and brainstem POSTOP compared with PREOP, and 4) only one relationship was evident between MRI data and clinical pain ratings or QST data. Our participants with knee OA had comparable demographic characteristics and pain ratings to other studies involving people before knee joint replacement [43] [44] [45] , suggesting that these findings may be broadly generalizable.
MRI Findings
There was decreased gray matter volume bilaterally in the amygdala and NAc, as well as the ipsilateral S1 in the PREOP group compared with the controls. Both the NAc and the amygdala are subcortical components of the limbic system, with the latter implicated in conveying emotional significance to sensory input and initiating behavioral and affective responses, particularly in relation to fear [46] [47] [48] . It may have a pronociceptive role in persistent pain conditions due to its high connectivity with the brainstem centers that mediate descending pain modulation [49] . Furthermore, the amygdala appears to play a prominent role in OA-related pain, with its activation associated with OA pain intensity [50, 51] , daily variation in symptoms [52] , and analgesic use [53] [54] [55] . In agreement with previous findings in a hip OA population [24] , we observed decreased amygdala volume in people with knee OA compared with controls with a subsequent reversal (increase) in volume following joint arthroplasty.
To our knowledge, this is the first study to show altered NAc volume in individuals with OA. Specific to pain, the NAc has a role in the expectation of noxious stimuli and anticipated pain relief [56, 57] . Thus, it is likely to have a key role in nociceptive processing and in both the sensory and emotional aspects of chronic pain [58] . Altered function of the NAc has been associated with abnormal modulation of nociception and the presence of chronic pain [56] . A previous longitudinal study showed a reduction in NAc volume as LBP transitions from an acute to a chronic state [3] , and a recent metaanalysis demonstrated a consistent reduction in gray matter volume in the area of the NAc in people with chronic pain [5] .
The S1 is the primary site of interpretation of the sensory component of pain. The reduced S1 volume we observed at PREOP follows similar findings in people with LBP [14, 59] , trigeminal neuralgia [15] , and temporomandibular disorder [60] . However, S1 volume has also been shown to be increased in fibromyalgia [61, 62] and painful bladder syndrome [63] . It was notable that it was the S1 ipsilateral to the involved knee that showed reduced volume. It follows the findings of Gustin et al. [15] , who reported smaller S1 volume on the side ipsilateral to pain in people with trigeminal neuralgia. Functional MRI studies have shown clear bilateral S1 activation in response to nociceptive input applied to people with knee OA [50, 64] , highlighting involvement of the ipsilateral S1 in processing noxious input from the involved knee. This potentially reflects a network-wide adaptation or compensation of the nociceptive system.
When the knee OA participants were scanned six months after TKA, there was a bilateral increase in amygdala gray matter volume compared with PREOP. There was also an increase in the contralateral hippocampus and PAG gray matter volume. There is increasing evidence that the hippocampus receives nociceptive input and plays a role in anxiety-related pain modulation [65, 66] . The PAG is also an integral site of nociceptive modulation, receiving ascending inputs from the spinal cord as well as inputs from cortical and subcortical neuromatrix regions. Thus, changes in gray matter volume in these two areas may be related to both the reduction in nociceptive input and the altered emotional state following TKA. These changes are similar to previous findings after hip joint replacement, where a reversal of gray matter atrophy was observed in key nociceptive areas [10, 24] . Interestingly, there was a further reduction in ipsilateral S1 volume as well as a slight reduction in the contralateral S1 following surgery. This is a novel finding and against expectations, given the other changes discussed above. Further longitudinal research should be undertaken to probe this in more detail. Overall, the findings provide further evidence that structural changes in the brain are not permanent in people with OA and may be, at least in part, a consequence of increased nociception from the affected joint.
The DTI analyses showed an area of greater FA in the control group compared with the PREOP group in the midbrain. Although the precise correlates of FA values remain unknown, differences can indicate changes in white matter fiber density, axon thickness, or myelination [67] . Previous studies have also shown decreased FA in musculoskeletal chronic pain conditions [1, 68, 69] , and reduced FA has been associated with development of chronic LBP [1] . More substantial differences were seen in the comparison from pre-to post-TKA. As well as an increased overall whole-brain FA, FA was greater specifically in the corpus callosum, external capsule, and brainstem at POSTOP compared with PREOP. The altered FA in brainstem areas, in particular, may reflect adaptations Values presented are the correlation coefficient (P values), with age entered as a covariate.
Con ¼ contralateral to replaced joint; CPM ¼ conditioned pain modulation; Ipsi ¼ ipsilateral to replaced joint; FA ¼ fractional anisotropy; MRI ¼ magnetic resonance imaging; NRS ¼ numerical rating scale; PAG ¼ periaqueductal gray; PPT ¼ pressure pain threshold; S1 ¼ primary somatosensory cortex; TS ¼ temporal summation.
in connectivity associated with the centers involved in nociceptive modulation, such as the PAG and rostral ventromedial medulla. Although there have been few studies that have examined FA following interventions for chronic pain, Ceko et al. [8] also reported a regionally specific post-treatment increase in FA following treatment for low back pain.
QST Findings
Previous studies have shown that PPT at the knee and distant sites is reduced in people with knee OA [44, 45] , although this may only occur in those with high-intensity pain [70] . Although there was no difference in knee PPT at PREOP compared with controls, there was evidence of enhanced TS and impaired CPM, reflecting a shift to pronociception. Like findings of previous studies, knee PPT did not change following surgery [44, 71] , although others have shown PPT to increase [43, 45] . The marked reduction in TS and increase in CPM efficiency at POSTOP suggests reduced nociceptive facilitation and improved pain inhibitory processes following TKA, which may arise, at least in part, through reduced nociceptive input from the replaced joint. This is similar to two previous studies that showed impaired CPM in OA that was improved following joint replacement [45, 71] and is in concordance with the observed increase in brainstem FA and PAG volume post-TKA. However, there were no correlations observed between these structural brainstem changes and the QST measures in the current study.
Correlations Between MRI and Clinical Measures
There was only one significant correlation between imaging data and clinical measures, suggesting a weak relationship between structural adaptations within the brain and measures of nociceptive sensitivity and clinical pain intensity used in this study. There was a moderate relationship indicating that that those with a greater sensitivity to pressure pain at PREOP had a larger ipsilateral S1 gray matter volume. Kairys et al. [63] reported that clinical pain in patients with painful bladder syndrome was positively correlated with S1 volume, whereas a further study found that increased cortical thickness in S1 was associated with lower heat pain thresholds in healthy participants [72] . The relationship between S1 volume and PPT in our study was found in the context of an overall reduced ipsilateral S1 volume at PREOP. That is, those with an S1 volume closer to controls had a more sensitized nociceptive system, raising the potential that a reduced ipsilateral S1 volume may reflect a beneficial adaptation.
We did not find any significant relationships between MRI and clinical variables that were altered from PREOP to POSTOP. Although there were marked reductions in pain NRS and TS following TKA, as well as an increase in CPM, none of these were related to changes in brain imaging data. Few studies have investigated such relationships previously, and our findings are unable to support the contention that structural alterations in individual areas of the brain are related to functional assessments of the nociceptive system or pain report. Although this finding may question the clinical relevance of such structural adaptations detected in the brain, it raises the possibility that the structural and functional adaptions are complimentary. That is, different adaptations may occur at different levels of the nociceptive system during the course of OA and in response to joint replacement, and it is the combination of such adaptations that gives rise to overall clinical pain.
Strengths and Limitations
A strength of the study was the combined use of brain imaging with QST to enable examination of both structural and functional adaptations of the nociceptive system following TKA, which also enabled us to investigate how such adaptations may relate. Additionally, we used a hypothesis-driven approach that focused our VBM analyses on specific cortical and subcortical areas based on evidence from previous studies in chronic pain populations. The limitations of this study include the lack of information on negative affect, physical activity levels, or duration of pain in the OA participants, which could be confounding factors [73] [74] [75] [76] [77] . BMI was significantly lower in the control participants, and it has been shown in older adults that higher BMI is associated with lower gray matter volume in several brain areas [78, 79] , although it does not have a relationship with pain thresholds [80] . Although the control group did not have a history of knee pain, some control participants may have had OA-related structural changes in the knee that were asymptomatic. However, we are unaware of any evidence that asymptomatic joint structural changes affect brain morphology. Although we requested participants not to take pain-relieving medication four hours before testing, it is possible that long-term analgesic use may influence brain structure [81] . Finally, we did not undertake a longitudinal assessment of the control participants as they were scanned on one occasion only.
Conclusions
In people with end-stage knee OA, gray matter atrophy was observed in several regions involved in nociceptive processing, including the amygdala, NAc, and S1, with further changes in gray matter volume and improvements in white matter integrity observed after joint replacement. Concurrently, the pronociceptive state before TKA was reduced following joint replacement. However, despite joint pain alleviation, reduced TS, and improved CPM after TKA, we could not demonstrate any relationships between these measures and the noted changes in brain structure. Future research should investigate the potential impact of different pain mechanisms on brain structure to further investigate the relationship with nociceptive function, and also compare pre-and postsurgical adaptations between those with good and poor outcomes following surgery.
